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Executive Summary

The purpose of this study was to use the gyratory compactor as an indicator of the
mechanical stability of the asphalt mixtures. The goa of the project was to identify and

suggest limits to be used as screening criterion to select mixture for various traffic levels.

Background

The current procedure of evaluating Wisconsin asphalt mixtures depend heavily on
the volumetric properties of the hot mix asphalt (HMA), which is felt does not produce a
reliable enough estimate of the expected performance of the mixtures in the field. Severa
approaches have been introduced lately to try and characterize the performance related
properties of asphalt mixtures. The mgority of these efforts are focused on developing
gpecial equipment to test the HMA at conditions similar to those acting on the pavements due
to moving traffic. Because the Superpave gyratory compactor (SGC) is used routinely for
compaction, and because it has components to measure load and densification, this study was
intended to further develop its use as a basis for measuring the stability of asphalt mixtures

without the need for new equipment or additional time.

Process
In this study several asphalt mixtures were produced using four different aggregate
sources, different asphalt contents, and different aggregate gradations. Each mixture was

compacted using the SGC (Pine Model) to evaluate if the densification results from the SGC
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can be related to rutting of mixtures, the new axial compression test procedure for rutting
measurements recommended by the National Cooperative Highway Research Program
project 319 and used in the AASHTO 2002 pavement design manual, was aso used br
evaluating the rutting behavior in laboratory produced samples.

Densification curves produced by the SGC were used to determine volumetric
properties of the mix as well as for the calculation of the construction and the traffic
densification indices The construction densification index (CDI), which is the value of the
area under the densification curve from density of 8 gyrations to density of 92% Gmm,
represents the work done during the construction period to achieve 8 % air voids. The traffic
densification index (TDI), which is the value of the area under the densification curve from
92% density to 98% density, represents the work needed to resist traffic loading during
pavement service life. Two more indices are calculated, construction force index (CFl) and
traffic force index (TFI). CFl is related to the amount of work done to raise the density of the
mix to 92%. The TFI is the amount of work done to increase the density of the mix from 92%
to 98%.

The results from the mixture rutting tests were used to estimate the rutting rate and

the flow number (FN), which is the point at which the mixture starts to exhibit tertiary flow

in repeated creep test.

Findings and Conclusions
The flow number, which is considered an important mixture property, is shown to
have a strong correlation to the TDI and TFI derived from the mixtures volumetric behavior

measured in the SGC. The main finding of this study is that SGC appears to give information
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that can be used to characterize the stability of the mixtures. Such information could be used
as an initial screening criterion to select mixture for various traffic ESAL (Equivalent Single

Axle Load) levels, in addition to indicating an expected performance level.

Recommendations

The findings of this study indicated showed the gyratory compactor can be used as a
measure of the mechanica stability of asphalt mixtures. It is recommended hat further
research be conducted to cover a wider range of mixtures. This will also create an
opportunity to introduce more variables into the study such as changing the asphalt binder
grades. Development of a correlation between laboratory and field data is also recommended
for future study. With further research, the information in this study can be used to develop

specific limits for pavements with different traffic ESAL levels should mest.
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Abstract:

In this study several asphalt mixtures were produced using four different sources,
different asphalt contents, and different gradations. Every mixture was compacted using
the SGC. To evaluate if the results from the SGC can be related to rutting of mixtures, the
new axial compression test procedure for rutting measurements recommended by the
National Cooperative Highway Research Programproject 9-19 and used in the AASHTO
2002 pavement design manual, was also used r evaluating the rutting behavior in the
laboratory for the same mixtures.

Densification curves produced by the SGC were used to determine volumetric
properties of the mix as well as the calculation of the construction and the traffic
densification indices The construction densification index (CDI), which is the value of
the area under the densification curve from density of 88% to density of 92%, represents
the work done during the construction period to achieve 8 % air voids The traffic
densification index (TDI), which is the value of the area under the densification curve
from 92% density to 98% density, represents the work needed to resist traffic loading
during pavement service life. Two more indices are calculated, construction force index
(CFI) and traffic force index (TFI). CHl isrelated to the amount of work done to change
the density of the mix to 92%. The TFI is the amount of work done to change the density
of the mix from 92% to 98%.The results from the mixture rutting tests were used to
estimate the rutting rate and the flow number (FN), which is the point a which the
mixture starts to exhibit tertiary flow. The flow number, which is considered an important
mixture property, is shown to have a strong correlation to the TDI derived from the
mixtures volumetric behavior measured in the SGC. The main finding of the study is that
SGC appears to give information that can be used to characterize the stability of the
mixtures. Such information could be used as an initia screening criterion to select

mixture for various traffic levels.



Chapter One

Literature Review

This literature review was conducted as Task 1 of this project. It documents

information found and considered to be relevant to the project.
1.1 Superpave System and Superpave Mix Design

Superpave™ (Superior Performing Asphalt Pavement) is a product of the Strategic
Highway Research Program (SHRP), which was initiated in 1987 as a five-year, $150
million project to improve the performance and durability of U.S. roads and make them
safer for both motorists and highway workers. Superpave is a system for specifying
selection of asphalt binders and mineral aggregates, designing asphalt mixtures, and
predicting performance of HMA pavements. The system incorporates performance based
asphalt materials characterization, accounting for design environmental conditions to
improve HMA performance by controlling rutting, low temperature cracking and fatigue

cracking of pavements (1-3).

The Superpave gyratory compactor (SGC) is the compaction device used in Superpave
mix design. The SGC was developed on the basis of a Texas gyratory compactor with
modifications using the principles of a French compactor (2). The SGC is used to
produce specimens for volumetric analysis, while recording density data throughout the
compaction procedure. Among various requirements for the design of asphalt mixtures,
the number of gyrations representing different levels of density is most important and

unique to Superpave. The number of gyrations is specified for N, and requiring less



than 89% Gmm, representing construction densification, Nges at 96% Gnm to represent
initial trafficking and basis for volumetrics, Nmax requiring less than 98% Gmm,
representing the service life of the pavement, in accordance with predicted traffic ESALSs
based on a 20 year srvice life. The design procedure is provisional at the present time.
It considers the volumetric properties of the mixture only as documented in the current

AASHTO MP2.

Wisconsin, like many other states, is implementing the Superpave technology. Minor

modifications were made to the original specifications inclusive of AASHTO MP2 (4).
1.2 Evaluations of Current Superpave Mix Design

Being part of a new technology, Superpave mix design has been one of the areas that has
generated much discussion within the asphalt paving academia and industry over the past
few years. Many studies have been conducted on the Superpave mix design methodology
to supplement, refine, and/or further develop various aspects of the procedure and test

equipment (5-20).

As traffic loads (i.e., axle loads, tire loads, and tire pressures, are increasing), it is
necessary to look into aspects of mixture design that would consider the mechanical
properties of the mixture (8) and their response to different traffic conditions. It has been
noted that the Superpave volumetric mix design procedure may not be sufficient for
relating mix properties to pavement performance, or for producing adequate mix

materials aimed at meeting desired levels of performance (11).

One limitation of the Superpave mix design procedure is that it considers

volumetric properties only, while it is known that it is the mixture's mechanical



properties that directly relate to the performance of asphalt pavements. Although efforts
are being made to develop separate tests for measuring mechanical properties of
mixtures, the procedures being developed involve new equipment, which will be an
added cost and probably require an extensive amount of training prior to their operation.
Since the Superpave gyratory compactor (SGC) is a key component of the current design
procedure and its use is now widely understood, it would be desirable to utilize the
equipment for the purpose of acquiring mechanical properties of the mixture in testing.
Proper interpretation of the results will lead to the establishment of standard requirements
serving as a supplement to the volumetric design. Attempts have been made in this

regard (7, 9, 10, 14, 19, 20).

Another problem within the current Superpave mix design procedure has to do
with construction. Field experience with Superpave mixtures indicates that some of the
mixtures are very difficult to compact and require specialized or additional compaction
rollers. In fact, there is no other measurement requirement than density at compl etion of
the construction for the pavement to meet prior to being open to traffic, primarily at 92%
Gmnm. It is, therefore, desirable to include as part of the supplementary standard a
workability requirement based on a measurement of the mechanical properties. Efforts

have also been made to give the workability or constructability a consideration (10, 19).

The following presents some studies that are considered to be closely related to

this ongoing project.



1.3 Utilization of Densification Curve

Bahia et a. (10) reevaluated the Superpave volumetric mixture design procedure. This
study found that the current interpretation of the results from Superpave gyratory
compactor (SGC) and consideration of design criteria are biased towards the performance
under traffic and do not provide a proper account for the constructability of asphalt
mixtures. It is believed that the SGC data are underutilized in the procedure. This study
took a new look at mixture design requirements using the SGC results to optimize the

densification characteristics in construction and under traffic.

Six job mix formula (JMF) blends were used. The blends represented a high and
low fine aggregate angularity range. This was accomplished by varying the amount of
natural sand versus that of nanufactured sand for high volume (WisDOT HV, >2" 10°
ESALs) and medium volume (MV, 0.25 to 2 10° ESALS), respectively. One asphalt
binder with a penetration grade of 120-150, which is equivaent to PG 58-28, was used.
The Superpave procedure was performed for each mixture. A standard asphalt content
was used while varying the aggregate gradation to look into the sensitivity of
densification characteristics to the change in asphalt content. The materials and design

conditions in the study are typical in Wisconsin.

Continuous curves of densification for % Gym versus the number of gyrations for
data from SGC were plotted as shown in Figure 1. In interpreting the results, concepts of

compaction energy index (CEI) and traffic densification Index (TDI) were introduced.



1.3.1 Compaction Energy Index (CEI)

The Compaction Energy Index (CEl) is defined as the area from the 8th gyration
to 92% of Gum in the densification curve as shown in Figure 1. It is theorized that CEl
represents the work applied by the roller to compact the mixture to the required density
during construction. The number of eight gyrations is selected to simulate the effort
applied by atypica paver during the process of laying down the mixture, while the 92%
of Gmm IS the density at the completion of construction and the pavement is open to
traffic, asrequired by WisDOT specifications. Mixtures with lower values of CEl have
better constructability and are desired; while too low a value of CElI could be an

indication of atender mixture and should be avoided.
1.3.2 Traffic Densification Index (TDI)

The Traffic Densification Index (TDI) is defined as the area from 92%, through
96%, to 98% of Gnm in the densification curve (see Figure 1). After a pavement is
opened to traffic at 92% of Gnm, it continues to densify under traffic loads. The current
mixture design procedure requires that the mixture be compacted to 96% of Gnm (4% air
voids) at optimum asphalt content using Nges gyrations which the mixture is expected to
reach under traffic during the early life of the pavement. The 98% of Gy, is considered
the critical density, at which the mixture is approaching the plastic failure zone. In the
study, the effect of traffic at the design density, or the amount of effort required to
densify the mixture between 92% and 96% of Gy is not emphasized. Instead, TDI isthe
amount of the total effort required to compact the mixture to atermina density of 98% of

Gmm. Mixtures with higher TDI values in this range are more desirable because they are



expected to take more traffic during their life span. Figure 2 shows differences in CEl

and TDI for two mixtures.

Although the concept of using CEl and TDI appeared to be logical and useful,
there were till some doubts about using the volumetric measuremerts without measuring
force or stress in sample to evaluate mixture behavior. These concerns lead to the
development of a device that could be inserted on top of the mixture sample and could
generate information about the stress distribution during compaction. The device was

called the Gyratory Plate Load Assembly (GLPA).
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Figure 1.1 Illustration of CEl and TDI Indices
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Figure 1.2 Differencesin CEl and TDI Indicesfor Two Mixtures
1.4 Design and Use of Gyratory L oad-Cell Plate Assembly (GLPA)

In view of the need for measuring mechanical properties, an accessory device to
Superpave gyratory compactor (SGC), known as gyratory load-cell plate assembly
(GLPA), was developed at the University of Wisconsin Asphalt Research Group. A
work plan was conducted to document and describe the development of this accessory

device and the interpretation of results from SGC testing using the GLPA (20).
1.4.1 Design of GLPA

Figure 3 shows a sketch of GLPA. The plate includes three load-cells equally
spaced on the perimeter of a double-plate assembly, which can be inserted on the sample
of mixture in a SGC mold as shown in Figure 4. The load-cells allow measuring the
variation of forces on top of the sample during gyration such that the position or

eccentricity of the resultant force from the gyratory compactor can be determined in real



time. The two dimensional distributions of the eccentricity of the resultant force can be
used to calculate the effective moment required to overcome the internal shear frictional

resistance of mixtures whentilting the mold to conform to the 1.25 degree angle.

During the compaction process, readings were taken at a rate of 50 readings per
gyration from each load-cell using signa conditioning and acquisition hardware
controlled by the graphical programming language LabVIEW®. Deflection read ngs can
also be recorded in real time by the system through the serial communication port of the

SGC device.

Connection
14.66 cf N

LT \
14.96 cm (original size) \l

Upper and lower
hardened nlates

0.19 cn)

Load cell

Figure 1.3 Gyratory Load-Cell Plate Assembly (GLPA)
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Based on the readings from the load-cells, the two components of the eccentricity of the
total load relative to the center of the plate (e, and ey) can be calculated for each of the 50
points collected during each gyration. The calculations are simply done with generd
moment equilibrium equations along two perpendicular axes passing through the center

of one of the load-cells as shown in Figure 5 using Equation [1]:

x=0b &

am
AM=0P & [1]

e=+el+(ry- g)°

asshown infigure5 P1, Po, P3 areload-cell forces; e and e, are x- and y-components of

the eccentricity, e; and ry is location of the plate center point with respect to the x-axis.
1.4.2 Interpretation of Testing Results

The data acquired from the GLPA can be interpreted in different ways. The two
main outcomes of the GLPA is the calculation of the frictional resistance (FR), and the
resistive effort (w). The “frictional resistance” is a measure of the strength of the mixture
against shear forces. The resistive effort is a measure of the resistance of the mixture to
compaction. The following sections show in greater detall how each measure is
calculated. For the purpose of this study the “resistive effort” is the one that is used to

characterize the mechanical stability of the mixtures.
1.4.3 Calculation of Frictional Resistance (FR)

In calculating the internal shear frictional resistance (FR) of the mixture, t is

assumed that at any gyration the sample is fully constrained, and the energy due to

10



surface traction is negligible. The energy balance for the mixture sample at any gyration

cycle can be written using the following equations:

W =U [2]
Where;
W isthe work of external forces
U the total strain energy of sample, and
1 1
=Mq ==t 3
>Ma =2 Qv [3]

Where;

M is the applied moment during gyration,

g Thetilt angle (in radians),

g The gyration angle,

V The sample volume at any cycle equaling area A multiplied by height h.

As shown in Figure 6, the moment, M, is Rtimes e, which is measured by the
GLPA. The bulk frictiona resistance, represented by the value of t applied to the
sample, can be determined from Equation [3]. Since the angle g ¥ equal to the gyration
angle g, Equation [3] can be simplified to calculate the frictional resistance, FR, as

follows:

11



FR=t = & [4]
A

Where;
A The sample cross-section area

h The sample height at any gyration cycle.

JQJ,_..

Figure 1.6 Applied External Forcesand the Stress Distributions Used in

Energy Relations

Asphalt mixtures with varying aggregate gradations, and asphalt contents were
tested during this study. Test data were plotted in % Gnm and FR versus the number of
gyrations & shown in Figure 7, in which data for two of the mixtures with the same

aggregate structure but different asphalt contents were used. It is found that the FR is

12



sensitive to asphalt content, aggregate gradation, and air voids. More importantly, it is
found that there is no direct relationship between density and FR. Sinceit is believed that
FR is a good indicator of stability of asphalt mixtures, Figure 7 is called volumetric-

stability plot.
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1.4.4 Calculation of the Resistive Effort

Focusing on the effect of fine aggregate angularity (FAA) on the properties of
asphalt mixtures, Delage (19) conducted a study using Superpave gyratory compactor
(SGC) with the gyratory load-cell plate assembly (GLPA). New ways of interpreting the

testing data collected with the GLPA were attempted.

In interpreting the data from SGC testing with GLPA, a concept of resistive effort,

denoted by w, is used as defined in the following equation:

W= 4ePq [5]
Ah
where;
w the resistive effort A the area of specimen
e the eccentricity of resultant force h the height of specimen at any given
gyration.

P the magnitude of resultant force
g theangle of tilting (1.25°)

In essence, w is the work done by SGC per unit volume per gyration, assuming
the material is perfectly viscous or plastic. The resistive effort has a unit of stress.
Typical examples of resistive effort as a function of the number of gyrations are shown in

Figure8.

14
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1.4.5 Densification indices and interpretation of stress data

1.4.5.1 Densification indices

Delage (19) study proposes a new method for analyzing data from SGC testing
with GLPA using atechnique similar to the energy indices proposed by Bahia et al. (10).
The resistive effort curve is divided at 92% Gqm into a construction side and a traffic
side. Under 92% Gy, it is desirable for the mixture to have a low resistive effort. This
will enable the ease of compaction by the contractor. At above 92% Gy, it is desirable
for the resistive effort of the mixture to be high. The high level of resistive effort is an
indicator of the high resistance of mixture to distortion under traffic, which will reduce
rutting. To quantify the resistive efforts above and below 92% Gy, the area under the
resistive effort curve between N;,; and 92% Gy, is calculated and termed the compaction
force index (CFl), and the area between 92% and 98% Gy, is calculated and termed the

traffic force index (TFI). It is aso suggested that the construction energy index (CEIl)

16



relating to the compaction curve be renamed the construction densification index (CDI).
In this way, the CDI and TDI relate to the densification curve, and the CFl and TFI relate
to the resistive effort curve. Figure 9 illustrates the four indices used as response

variables in the study.

Energy Indices

1000

Resistive Effort (w)

Figure 1.9 Response Variables. CDI and TDI, CFl and TFI

Some of the important findings from Delage's study are that the results do not
support the common belief that higher values of FAA will aways result in better

performing mixtures; that the effect of FAA is highly dependent on the source of the
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aggregates and their gradation; and that the volumetric properties cannot not capture the

true effect of fine aggregate angularity on mixture constructability and traffic resistance.

Delage's study was expanded to include more sources of aggregates and different
asphalt binder grades. The study was also expanded to include several types of mixtures
ranging from WisDOT E1.0 (1 million ESALS) type mixture to E30.0 (30 million
ESALS) mixtures. The analysis of the results focused on comparing the GLPA results
with the volumetric results to evaluate a potential need and benefit for the GLPA. Also
the study was intended to propose criteria for mixture acceptance based on the best

energy indices.
1.4.5.2 I nterpretation of the Results

The development of the GLPA provided an opportunity to measure the true stress
conditions that an asphalt mixture is subjected to in the gyratory compactor. Publications
about the use of the energy indices and the measurements of the stresses in the SGC have
resulted in a significant interest among asphalt researchers. Several studies were
conducted to seek the best approach for use of the SGC results with and without a force

device.

In the year 2000 NCHRP project 9-16 started which included a detailed
evaluation of a variety of procedures to evaluate asphalt mixtures using the gyratory
compactor. Asaresult of the NCHRP 9-16 project (2), an evaluation of the GLPA and a
gyratory compactor with force measuring device was conducted. It was proposed that the
number of cycles to maximum stress be used as a parameter between good and poor
performing mixtures. Some correlations with field performance showed that the
parameter correlates well with rutting observed in the field. A sliding scale was proposed
as a criterion for measuring rutting potential. Recently the GLPA device was further
modified by FHWA to place the data collector within the plate. The new device has aso
been re-named as the Pressure Distribution Analyzer (PDA).
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Other researchers have also proposed aternatives to the PDA using gyratory
compactors equipped with force measuring devices. Dessouky et a. (3) and Bayomy et
al. (4) developed another procedure to estimate the shear stress in an asphalt mix during
compaction using a SGC equipped with a force measuring device. This procedure is
based on equilibrium analysis of the mix and steel mold during compaction. The
measured shear stress and the mix densification characteristics were used to calculate the
energy consumed in forming contacts among aggregate particles. This energy is

guantified using an index referred to as the Contact Energy Index

The contact energy index is calculated after defining the reference gyration (N 1),
which is taken as the point where the change in the sope of the force versus gyrations at
any two consecutive gyrations is less or equal to 0.001%. It is intended to minimize the
confounding of densification effects on the shear deformation of a mixture. The TDI and
TFI are referenced to the 92 % Gmm and the 98 % Gmm and are intended to be inclusive
of both distortion and densification between these two well known reference densities of
8 % voids and 2 % voids.

It is very difficult to decide which of these indices are better and which one
should be used, and there is a need for further validation data before such judgment could
be made. It is however important to remember that TDI does not require a force

measuring device.
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Figure 1.10 : Contact Energy Index.

This approach, which relies on developing experimental tools and anaysis
methods for the gyratory measurements to measure the shear stress during compaction
and relating them to stability (10, 11, 12), is not new. McRea (10, 11) in the 1960's
developed an equation to measure the shear stress during the compaction. This equation
is based on equilibrium analysis of an asphalt specimen and has been used by many
researchers to predict the stability and the performance of asphalt mix (13-17).

More recently, a study was conducted at the University of 1daho, and Washington
State University (26,27) and included a more elaborate analysis of the stress distribution
in the gyratory mold and a careful evaluation of the boundary assumptions used by
Guler and co-workers. The study focused on the development of a method to estimate
the aggregate structure stability in the Servopac gyratory compactor, which is equipped
with a load cell that measures the load needed to apply the angle of gyration during
compaction. The stability measure developed in this method is referred to as Contact
Energy Index. This index is the multiplication of the shear force and the vertical
deformation. It is used to estimate the aggregate structure stability irrespective of the type
of the Superpave gyratory compactor design by means of the PDA. (29).

Prior to the development of the PDA (20), Bahia and co-workers proposed wsing

the volumetric results from the gyratory compactor to calculate two indices (CDI and
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TDI, Figure 1.9) derived from the compaction curves in order to evaluate the HMA
behavior (10).

The important question, however, is whether we need the force measurements or
not. This is important because the Superpave gyratory compactor (as described in
AASHTO MP2) does not require a force measurement. The vast mgjority of the asphalt
laboratories today do not own a gyratory with a force-measuring device. The question
was the subject of a recent study at the University of Wisconsin to explore the
correlations between TDI, which does not require a measure of the force in the gyratory,
and the contact energy index and TFI, which require the a force measurement devicein
the gyratory. Figure 1.11 depicts the scatter plot of TDI versus TFI, contact energy index

versus TDI, and contact energy index versus TFI.

There appears to be a very good correlation between TDI and TFl but no good
correlation between contact energy index and the other measures. The lack of correlation
with contact energy index could be explained mainly by the difference in the methods

used to derive these parameters.
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1.5 Summary of SGC indices and densification

Based on the results collected in the study, conceptual suggestions for the revision of

Superpave volumetric mixture design procedure are proposed. They are:

1

Construction Criteria: CDI at optimum asphalt content should be within the range of a
minimum CDI to avoid tender mixtures and a maximum CDI to ensure acceptable

workability.

Aggregate Criteriac With regard to the aggregate gradation, there is no need for the
restricted zone, as it serves no clear purpose in the context of calculating densification
rates. Also, it is not clear why the angularity of aggregates, coarse and fine (CAA,
FAA), should be controlled if the densification criteria are met. The other source and
consensus properties should remain the same to ensure the toughness, cleanness, and

soundness of aggregates.

Sensitivity to Asphalt Content Variation: There is a need to avoid “critical mixtures”
as defined by showing high changes in air voids with minor changes in asphalt
content. It should be recognized that asphalt mixture production is a process that is
difficult to control and is subject to much variation beyond the control of contractors.
It is therefore necessary to control the sensitivity of mixtures to asphalt content so that
construction and performance become more uniform and more predictable.

Based on the data, these ideas for revising the existing Superpave mixture design

(AASHTO MP2) are presented. The proposed ideas include using energy indices (CDI
and TDI) to balance a relatively low value of (DI with a high value of TDI. These

criteria are intended to replace the existing % Gnm a Nini, Nges, and Nimax.

However, there is a need to develop a performance ctriteria to be compared against the

densification indices. The best performance based test prosedure is to measure the

mixture resistance to permanent deformation (rutting). For the purpose of this study the

performance of the mixtures is measured by a test recommended by the NCHRP project

9-19. The following sections cover a literature review about rutting in the asphalt

mixtures.
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1.6 Background for Causes Affecting Rutting and Subsequent Testing

Rutting in asphalt pavements can be defined as a gradual development of
longitudinal depressions in the wheel path with the increase of number of load
repetitions. It is considered to be caused by a combination of densification and shear
deformation, and can occur in any one or more of the pavement layers, as well as the
subgrade. In case of poor compaction consolidation and densification are the main rutting
mechanism. In case of appropriate compaction of the pavement layer, a study at the
AASHO road test in 1962, and test-track studies performed by Hofstra and Klomp (1972)
indicated that the shear deformation rather than densification is the primary rutting
mechanism. The use of excessive amount of asphalt cement is the most common cause
rutting in the asphalt layer. This is because excessive asphalt binder will act as a high
lubricant and prevent the internal friction and interlock between aggregate particles to
carry the load. Hofstra and Klomp (1972) also found that the deformation in the asphalt-
concrete layer was greatest near the loaded surface and gradually decreased with depth
This decrease with depth is explained by the increase in confining pressure which result
in more resistance to plastic flow, and can also explained by the fact that shear stresses
are smaller at increased depth

The resistance to rutting has aso been related to layer thickness. Uge and Van de
LOO (1974) reported that the deformation within an asphalt layer no longer increased
with increasing layer thickness beyond a certain threshold (13cm, 5inches).
Measurements at the AASHO Road Test indicated that the surface rut depth reached a
limiting value for asphalt-concrete thickness of approximately 10 inches. Thicker layers
did not exhibit additional rutting. These results suggest that the upper few inches of an

asphalt pavement is the most critical for pavement rutting.

This early understanding of rutting behavior is confirmed in more recent studies.
A study, by Eisnmann and Hilmer (1987) described how rutting is mainly caused by

deformation flow with and without volume change in two main stages:

1- In the initial stage of trafficking the increase of irreversible deformation below
the tires is greater than the increase in the upheaval zones indicating that some

volume change is taking place
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2- After the initial stage, volume decrement beneath the tires is approximately
equal to the volume increment in the adjacent upheaval zone. This is an
indication that the compaction under the traffic is completed for the most part

and that further rutting is caused essentially by displacement with constancy of
volume.

The second stage is considered to be representative of the deformation behavior for the
greater part of the lifetime of a pavement. Many studies following, Eisnmann and Hilmer
study confirmed their observations. Most recently Kaloush, and Witczak (2002) indicated

that the rutting in this phase is considered shear rutting as it is due to lateral movement of
mixtures under traffic loading

s 4@

- @ o=

irreversible deformation [mm]

Effect of number of passes on transverse surface profile
(After Eisenmann and Hilmer, 1987)

Figure 1.12 Effect of Number of Passes on Transverse Surface
Profile
(After Eisenmann and Hilmer . 1987)
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The review of the literature regarding the subject of permanent deformation
indicates that the phenomenon is complex. Studies cite multiple causes for rutting
including: (1) aggregate gradation, (2) aggregate absorption, (3) aggregate affinity for
asphalt, (4) aggregate size, (5) coarse aggregate shape, (6) coarse aggregate texture, (7)
fine aggregate shape (angularity), (8) minera filler properties, (9) asphalt content, (10)
performance grading, (11) plastic finesin the fine aggregate, (12) low air voids, and (13)
performance graded asphalts (30,31,32). This list illustrates that there are many different
factors that can cause or contribute to rutting. From this list, however, some factors
appear to have a more significant impact than others, and will be addressed in greater
detail through the nest three subsections.

1.6.1 Aqaregates.

Surface texture of the aggregate plays an important role in rutting resistance,
especialy in thicker asphalt layers and hotter climate. Uge and Van de Loo (1974)
reported that mixtures made from angular aggregates (obtained by crushing) deformed to
a minor extent and were more stable than mixtures having the same composition and
grading but made from rounded aggregate (river gravel). According to Uge and van de
Loo, the most stable mixture was made of crushed aggregate and the least stable, of
rounded aggregate. Interestingly, an intermediate composition, of which only the sand
fraction was crushed, performed better than the formulation in which only coarse
aggregate was crushed, athough the former contained higher proportion of rounded
components (70% versus 25%) this indicates that interparticle contact may be more

significant factor than the extent of crushing.

Dense graded blends of aggregate are commonly considered more desirable to
mitigate the effects of rutting. When properly compacted, mixtures with dense or
continuous aggregate gradation have fewer voids and more contact points between
particles than open or gap-graded mixtures. Brown and Pell (1974) concluded that gap
graded mixture exhibit more deformation than a continuously graded mixture. They
further argued that, because aggregate interlock becomes more important at higher
temperatures, gap graded mixtures may be more susceptible to rutting at higher
temperatures, a finding apparently confirmed by test-track results (32). This is considered
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the backbone of the theory behind using stone matrix asphalt (SMA) mixes. SMA is a
gap-graded asphalt mix (minimizing medium-sized aggregate and fines) which combines
strong, angular coarse aggregate with a high asphalt cement content — as much as 6 to
8% liquid asphalt. The result is a structurally strong mix incorporating a stone-on-stone
skeleton. This stone-on-stone contact develops interna friction and resistance to shear,

which easily resists rutting. (32)

With increased tire pressure, axle loads, and load repetitions, there has been a
resurgence of interests in the use of “large-stone” mixtures. Davis (1988) has reported
that some asphalt pavements constructed with soft asphalts, high volume concentration of
aggregate, low air void content, and large maximum aggregate size (1.5 inch or larger)
exhibit good rutting resistance. Based on such observations, he concluded that the use of
larger maximum aggregate size (about two thirds of layer thickness) would be beneficial
in reducing rutting propensity of mixtures subjected to high tire pressures.

A sudy by Button, Perdomo, and Lytton found nine possible causes of rutting,
but stated that the aggregate characteristics were the primary materia quality factor
influencing rut susceptibility. Two other studies (31) more specifically addressed the
type of fine aggregate used as the greatest influencing factor on stability. These studies
indicated that properties of aggregates that were examined in the literature, two primary
characteristics emerged: (1) gradation and (2) angularity that can reflect rutting
significantly.

1.6.2 Binder.

A number of studies have indicated the importance of asphalt binders in
contributing to rutting . Viscosity, asphalt content, and modification are some of the

important factors

Mahboub and Little (1988) concluded that less viscous asphalts make the mixture
less tiff and therefore, more susceptible to irrecoverable deformation, i.e. rutting.
Severa researchers tried to improve the rutting performance by using modifiers
(polymers, microfillers, etc.) intended to increase the viscosity of the asphalt binder at

high temperatures without adverse effect at low temperatures.
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A study by Kamel, and. Miller (1994) indicates that asphalt content in excess of
the optimum level may lead to problems like flushing, and insufficient air-voids space
may Yyield a reduction in stability. On the other hand, asphalt contents below the
optimum will jeopardize the long-term durability of the mixture and will produce a harsh
mixture that complicates lay-down and construction operations. Another study, by
Sebaaly et al (1997), indicates that asphalt content may be more important than gradation
in determining performance. The authors of the Hot Mix Asphalt Materials, Mixture
Design and Construction by NCAT states that probably the single largest contributor to
rutting in HMA is excessive asphalt content (31).

Through SHRP program it has been recognized that one of the magor factors
affecting rutting potential is the performance-grading of asphalts. Establishing the
importance of the performance-graded binders can be done by looking at two areas:

performance grades (PG), and modified binders.

A study by University of NevadaReno compared HMA mixtures produced by
using polymer-modified asphalt with unmodified asphalt. The polymer-modified asphalt
resulted in significant reduction in the permanent deformation (rutting) of the HMA
mixture tested in the study(31). Additional research by Kamel and Miller compared
pavement performance of HMA containing conventional and engineered (modified)
asphalts. The use of modifiers created higher grades of performance graded asphalts that
provided rutting reductions of up to 50 percent and, an increase in pavement load-
carrying capacity of more than 300 percent (34). The Wyoming transportation department
concluded in a study that the susceptibility of HMA to rutting decreased as the high
temperature grade increased for the performance graded binders as used in a field study
on Interstate 80 (31).

1.6.3 Mixture Volumetric Properties and the Amount of Compaction Effort:

Volumetric properties of mixtures include voids in mineral aggregates (VMA)
and total air voids. Cooper, Brown, and Pooley concluded that good resistance to
permanent deformation requires low voids in the mineral aggregate (VMA) and that the
desirable grading for minimum VMA can be determined using dry aggregate tests.
However, they cautioned that the lowest theoretical VMA could be undesirable as it may
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not allow sufficient voids between the aggregate allowing enough binder to ensure
satisfactory compaction without the mixture becoming overfilled(32). In the current mix
design procedures a minimum value of VMA is required to ensure durability and

sufficient particle coating.

Mahboub and Little suggested that the reduction in air voids as a result of
increased asphalt content observed in their study indicates that void space is being filled
with asphalt. As a result, the increase in asphalt content is equivaent to the introduction
of lubricants between aggregate particles otherwise separated by a very tight network of
air voids. This phenomenon causes the mixture with the higher asphalt content to be more

susceptible to permanent deformationthan a lower binder content.(32)

Linden and Van der Heide stressed the importance of proper compaction and
concluded that degree of compaction is one of the main quality parameters of the placed
mixture, especialy for critical designs (those having low asphalt content intended to
deliver a high resistance against permanent deformation). The well-designed, well-
produced mixture performs better (better durability and mechanical properties) when it is
well compacted. (32). Ther study indicates that very high air voids due to low

compaction could also result in rutting.

Changing the asphalt content of a HMA mixture can cause rumorous problems.
“An HMA pavement can ravel or crack if it is deficient in asphalt content by as little as
0.5 percent, whereas 0.5 percent excessive asphalt content can cause flushing and
rutting” ( 31)..
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Table 1 Factor s affecting Rutting in Asphalt Pavement (32)

Factor Change in Factor Effect of Change in
Factor on Rulting
Resistance
Surface texture Smooth to rough Increase
Gradation (Gap 1o continuous Increase
Agpregaie .
BEEE Shape Rounded to angolar Increase
Size Increase in maximum Increase
size
Binder Stiffness’ Increase Increase
Binder content Increase Decrease
Air void content” Increase Decrease
Mixture r
VA Increase Decrease”
Method of compaction - -
Temperature Increase Decrease
State of stress/strain Increase in tire contact Decrease
Test field pressure
conditions e
Load repetiions Increase Decrease
Waler Dy to wel Decrease if mix is
waler sensitive

1.6.4 Testing to evaluate resistance for rutting

One of the common methods to predict rutting is the use of Functional Equations
based on laboratory test results. This requires extensive testing to determine the
representative parameters. The development of predictive methods or models requires
suitable techniques not only for calculating the response but to also readlistically ssimulate
it. The overall objective of material testing is to produce as closely as practical in situ
pavement condition of the material. There are severa tests developed to characterize the
permanent deformation response of pavements. Some of the most widely used tests can

be summarized in the following list (32,35).
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- Uniaxia stress tests: unconfined cylindrical specimens in creep, repeated, or

dynamic loading

- Triaxial stress tests: confined cylindrical specimens in creep, repeated, or
dynamic loading.

- Diametral tests. briquet specimens in creep, repeated loading.

- Whed track tests: slab specimens or actual pavement cross sections, tests

using repeated passes of aloaded wheel

Although many studies indicate that the triaxial stress test offer the best
simulation to field conditions, it is known that the most practical is the uniaxial test. This
test was also chosen by the most recent study (NCHRP-465) for selecting a simple
performance test for asphalt mixtures (35). Therefore, for the purpose of this study the
specimens will be tested using the uniaxial testing procedure as described in the
NCHRP 465 report (35).

1.6.4.1 Uniaxial test

Through a recent study conducted for the National Cooperative Highway
Research Program (NCHRP), Arizona State University has formulated a laboratory test
method for permanent deformation of asphalt mixes (31). Figure 1.13 shows a schematic
of the test setup. A cylindrical sample approximately 100 mm in diameter and 150 mm
in height, is subjected to a haversine axial load. Load is applied for a duration of 0.1
second, and then has a rest time of 0.9 second. A confining pressure could also be
applied during the test. The cumulative axial and radial strains are measured using
LVDT’s and recorded during the test (35). This test should be conducted in a temperature
controlled chamber to be able to test at voarious temperatures.
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Figure 1.13 Schematic of the Permanent Defor mation Test Setup (24)

Rutting is a creep failure, which means that it is time dependent. Therefore, the
modulus is equivalent to the deviator stress over the total strain. For Visco-elastic
materials, compliance was used rather than the modulus. Compliance is the reciprocal of
the modulus. D(t)= 1/E(t) The main reason for using the compliance is that it allows for
the separation of different strain components (?¢, ?p, e, ...) a constant stress levels.
Therefore, the time dependent strain ?(t) can simply expressed by(35):

Ay =sd*(VE()) = sd*D()
= sd(Det+Dp+*Dve +Dyp) Equation [12]
Three zones generally define the cumulative permanent strain curve:
primary, secondary, and tertiary. Primary zone: permanent deformation accumulates
rapidly. Secondary zone: the rate decreases reaching aconstant rate of deformation

throughout the zone. Tertiary zone: the rate of deformation increases again and
permanent deformation accumulates rapidly. The starting point (cycle number) at which

32



e =aN’ Equation [13]

The tertiary flow starts is referred to as the “flow number.” The results obtained
from the test are typically presented in alog-log chart showing the cumulative permanent
strain versus the number of cycles as shown in the following curve, and analyzed using

the power law model (36):

Using the linear portion of the chart, the permanent deformation parametersa and
b are derived. The parameter a represents the permanent strain at N = 1, and b represents
the rate of change in the permanent strain as a function d change in loading cycles.
Another chart, plotting the rate of change in permanent strain versus the loading cycles,
Figure 18, is used to determine the “flow number”. This is identified as the point where

minimum slope occurs, and indicates the cycle number at which tertiary flow begins.
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Figure 1.14 Cumulative Permanent Strain Versus Number of Loading Cycles
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Figure 1.15 Axial Permanent Strain Rate Versus Number of Loading Cycles

The flow number and the rate of deformation are expected to reflect the
mechanical stability of the mixture. However, the flow number represents a fundamental
property of the mixture that can be used in correlating the mechanical stability of the
mixture to various volumetric properties. Furthermore, traffic indices that are calculated
from the SGC, which are a good representation of the volumetric-performance related
properties, can be related to the flow number. Both then can provide a characterizing

procedure for the asphalt mixtures.

In this study no confining pressure will be used. The temperature and load level
was selected after significant testing and evaluation of the performance of mixtures
produced with Wisconsin aggregates. The details of testing conditions are explained in
chapter three.

1.7 Chapter One Summary:

The following points summarize the main findings from the literature review for the this

Project:

Current Superpave mix design procedure considers volumetric properties only, while
it is known that it is the mixture’s mechanical properties that directly relate to the

performance of asphalt pavements. Although volumetric properties play a major role



in defining mechanical properties, they ae not sufficient to ensure or predict good

performance.

Since the mechanical properties of asphalt mixtures are at least as important as their
volumetrics, it is necessary to measure these properties in designing pavements to

evauate their stability in construction and under traffic.

The pressure distrebuter analyzer (PDA) is an accessory to the Superpave gyratory
compactor (SGC), and developed by the University of Wisconsin Asphalt Research
Group is a simple tool for measuring the mechanical stability of asphalt mixtures. Its

use in this project could provide a simple optionto measuring mechanical stability.

Methods for interpreting testing data from the SGC with PDA have been proposed for
evaluating the workability during construction and rutting resistance under traffic of
asphalt mixtures. These methods should be evaluated in this study.

Further testing using SGC with PDA with carefully selected and controled variables
is necessary for the purpose of establishing a standard as a supplement to incorporate
mechanical stability measurements into the current Superpave mix volumetric design
procedure. In addition, the test method should be standardized.

The laboratory rutting test developed at Arizona State University provides a direct
measure of the rutting resistance of asphalt mixture and should be used in establishing

the validity of the PDA in measuring resistance to rutting.

Field and/or laboratory studies are necessary to validate the interpretation of
mechanical stability measurements from SGC with PDA and the supplementary
standard for full- scale implementation.
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Chapter Two

Resear ch Methodology

21  Hypothesis

Based on the literature review presented in the previous chapter, it has been
concluded that the Superpave gyratory compactor could possibly be used to measure an
indicator of the resistance of asphalt mixtures to rutting deformation. This finding also
suggests that compaction properties measured by the SGC appear related to the stiffness
and rutting resistance of asphalt mixtures measured in the laboratory and in the field (31).
However, the concept is very broad and lacks details regarding what should be measured,
what criterion should be used for acceptance of mixtures, and how the other

characteristics of a mix interfere with the properties of compacting mixtures.

The main hypothesis of this research is that the stability of an asphalt mixture can
be predicted from compaction parameters measured or estimated using the Superpave

gyratory compactor.
2.2 Controlled Variables

There are a number of factors that are known to affect mixture resistance to
rutting. Aggregate source and aggregate gradation are expected to influence the changes
in the performance of the mix. Asphalt content and asphalt properties could have an
significant effect on the performance of asphalt mixtures. Several studies suggest that a
change of 0.50 percent of asphalt content will result in raveling or cracking if it is

deficient in asphalt content, or can cause flushing and rutting if it has excessive asphalt

36



content (Anderson et al,Epps and Hand, 2000, Sebaaly, Ridolfi Dan, Gangavaramand

Epps, 1997, and Kandhal, and Cross, 1993).

Since the objective of this research is to evaluate the relationship between the

mixture stability and measurements of compaction by the SGC, it is necessary to include

in the experimental design the factors that have been shown to affect rutting. These

include asphalt content, aggregate gradation, and aggregate source. It is aso necessary to

study the possible interaction of these properties on the gability of mixtures. The

following levels of these variables were included in the experimental testing program:

1.

Aggregate Source: Four different sources of aggregates were chosen for testing
from four maor asphalt contractors in Wisconsin. For the purposes of this

research, they are referred to as sources W, X, Y, and Z.

Blend Gradation: Two types of blends were tested for each source:
a. S-shaped blend
b. fineblend.

The general gradation curves for each of these blends are shown in Figure 2.1.

The specific gradation tables are shown in Chapter 3.

Asphalt Binder Content (AC): Three asphalt contents were included for each
aggregate blend. These levels include optimum (producing 4% air voids at Nges),
optimum + 0.5%, and optimum — 0.5%. All mixes were tested at their individual
optimum asphalt content (instead of constant asphalt content for all mixes). This

was done in order to ssimulate actual mixture properties used in the field.
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Example of Fine and S-Shaped Gradations

100
90 1
80 A
70 - Fine Blend

(@]
£ 60
?
« 50 A R
T 40
X
30
20 1 == S-Shaped Blend
10 A ‘ /
O T T T T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00
Sieve Sizes

Figure 2.1 Examples of Fine and S-Shaped Aggregate Blends

Only a single performance grade asphalt (PG58-28) was used in the study. This

grade of asphalt is the most common asphalt grade used in the state of Wisconsin.
2.3 Response Variables

Two main types of tests were used in this study to measure densification
characteristics of mixtures and the resistance to permanent deformation. The Superpave
gyratory compactor was used for measuring densification of the mixtures as well as shear
resistance during the densification process. The densification is measured at relatively
high temperatures resembling compaction temperatures, generally in the range of 125 —
140 C. The resistance of mixtures to permanent deformation (rutting) was evaluated
using the newly developed simple performance test which consists of a uniaxial

compression test system under repeated creep. The results of this test is used to estimate
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the rutting rate and the flow number under a uni-axial compression repeated creep test.

The details of these measurements are explained in the sections below.
2.3.1 Densification Characteristics

In earlier work, the Asphalt Research Group at the University of Wisconsin
Madison introduced new concepts regarding interpretation of data obtained from the
Superpave Gyratory Compactor (SGC). The primary contribution of the previous studies
was the introduction of the concept of dividing the compaction curve into two sections,
one representing construction compaction and the other representing traffic densification

(10).

It is generally accepted that when pavement is being constructed in the field, a
paver screed would apply a certain preliminary compaction effort to the pavement before
rollers are used to apply further compaction. This initial compaction effort is smulated
by the compaction effort applied by the SGC during the first 8 gyrations (prior to
reaching Ninitia). Contractors are required to reduce the air voids further using rollers
until the pavement has reached approximately 92% Gnm (8% air voids). At this point, the
road is opened to traffic. Traffic increases densification of the pavement over its service
life until the pavement reaches 98% Gnm (2% air voids), which is considered the terminal

density. At this point, the pavement could be prone to rapid accumulation of rutting.

The new concept proposes that the compaction curve produced by the SGC be
divided at 92% Gynm. The compactions that occur in the SGC between Nini and 92% Gy
and again between 92% Gynm and 98% Gy, are considered to be representations of the
construction compaction and traffic densification, respectively. The research group

introduced two energy indices, the construction energy index (CEIl) and the traffic
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densification index (TEIl). The CEIl correlates with the construction side of the curve
(Ninit to 92% Gnm), and the TEI correlates with the traffic side of the curve (92 to 98%
Gmm). The indices are found by integrating the area under the curve between any two
points (i.e. 92%Gmnm through 98% Gyn). The area is thought to represent the energy
required for the gyratory to reduce the air voids of the mixture between those two points.

Figure 2.2 illustrates the two areas under consideration.

Eherygy Indices
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950 |
E
E 920 F
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Humber of Gyrations

Figure 2.2 Energy Indices as proposed by Bahia et al., 1998 (10).

Mixes with higher CDI values are expected to require a great deal of energy to
densify during construction. Lower (DI values are therefore desirable because fewer
roller passes will be required. Once traffic is on the pavement, it is desirable for the
pavement to require alot of energy (high traffic volume) to densify. High TDI values are
therefore desirable. The ideal pavement would be easy to densify further during

construction (low CDI) and hard to compact under traffic (high TDI).
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Although the densfication of the mixture is an important measure of
performance, the resistance to distortion is also considered important and possibly more
relevant to rutting under traffic. Since the CEl and TEI are derived from densification
(volume change) only, they could be considered incomplete in representing the resistance
of mixtures to distortion under traffic. Another method of measurement is required that
could directly quantify the shear resistance of mixtures. The pressure distributor analyzer
(PDA), which was developed by the same asphalt group in an effort to measure and
evauate the resistance of the mixture to distortion, was used as that method of
measurements. (20). The GLPA is placed in the gyratory compactor mold and provides a
load measure that is recorded simultaneously with deflection. The vertical load and the
eccentricity of that load are measured using 3 load cells placed at the edge of the plate.
The measurements are used to calculate the resistive effort (w) as a function of the

number of gyrations.
2.3.2 Resgive Effort (w)

In this research project, the GLPA is used to determine the resistive effort of the
mixes. This method for analyzing resistive effort data using a technigque similar to the
energy indices proposed by Bahia et a. for use on the compaction data was first
introduced and used by Delage (2000). As shown in Figure 1.9, the resistive effort curve
is divided at 92% Gnm into a construction side and a traffic side. Under 92% Gy, it is
desirable for the mix to have alow resistive effort as it will enable ease of compaction by
the contractor. Above 92% Gnm, it is desirable for the resistive effort of the mix to be
high. The high level of resistive effort is an indicator of high resistance of mixture to

distortion under traffic, which will reduce rutting.
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To quantify the resistive efforts above and below 92% Gy, the area under the
resistive effort curve between Nini and 92% G is calculated and termed the compaction
force index (CFl), and the area between 92% and 98% Gy is calculated and termed the
traffic force index (TFI). It is also suggested that the construction energy index (CDI)
relating to the compaction curve be renamed the construction densification index (TDI).
In this way, the CDI and TDI will relate to the densification curve, and the CFl and TFI
will relate to the resistive effort curve. Figure 2.3 illustrates the four energy indices used

as response variables in this research.
2.3.3 Volumetric Data

Superpave volumetric mix design sets a specific target air void levels for HMA at
different compaction levels. At Ninit, the % Gnm IS supposed to be equal to or lower than
89%. This is meant to insure that the HMA structure is not failing rapidly under load at
the beginning of compaction efforts At Nges, the % Gnm IS expected to be at 96%. All
superpave mixes are designed primarily to meet this 4% air voids criteria. At Nmax, the %
Gmm is supposed to be less than 98%. For the purpose of this research, the %Gmm at Ninit,
%Gmm at Nges, and %Gnm at Nmax are considered as response variables and used in the

analysis.

Superpave mix design parameter also set minimum limits on the voids in the
mineral aggregate (VMA) allowed for mixes (as evaluated by compacting to Nges). VMA
limits are based on the nominal maximum aggregate size used in the mix. VMA is

another response variable studied in this research.
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2.3.4 Resistance to Per manent Defor mation

The permanent deformation resistance of mixtures was measured using the
proposed simple performance test, as suggested by NSCHRP 9-19, which includes a uni-
axial compression repeated creep test. Two main parameters were obtained fom this
test. The first is the flow number (Fn), defined as the point (number of cycles) at which
the mixture starts to flow rapidly by going into tertiary flow. It presents a fundamental
property of the mixture that reflects the true stability of the mixture. The second
parameter is the permanent deformation rate. This property shows the behavior of the
mixture during what is called the secondary creep zone. As shown in Figure 2.3, in this
zone the rate of permanent strain accumulation is relatively corstant, which allows

characterizing the asphalt mixture with a single parameter related to the rate of rutting.
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Figure 2.3 : Stages of creep defor mation after the NCHRP-465 report , 2002.
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Chapter Three
Experimental Design and Testing Methods

In this chapter the details of materials used and sample preparation of the asphalt

mixtures are presented. Also the specific conditions used in testing are explained.
31 Preparation of Aggregate Blends:

Four aggregate sources (A, B, C, D) were selected for this research. The sources
are known to be commonly used for pavement construction in the state of Wisconsin. For
three of these sources (B, C, and D) contractors provided two mix designs per source.
The fourth contractor provided five mix designs using different Job Mix Formula (JMF)
gradations and sources. The main reason for using mixes provided by the contractors is to
make sure that the outcome of the research is more relevant to actual practice in the field.

The mix design IMF was followed in preparation of the samples.

Due to limitation of aggregates available, a partial factorial design was used as
shown in Table 3.1. For contractor A’s mixtures, two replicate specimens were prepared,
and compacted using three different asphalt contents; optimum, optimum plus 0.5% and
optimum minus 0.5%. For the other three contractors (B, C, and D) two replicate

specimens were prepared and compacted using the optimum asphalt content only.



Table 3.1 Asphalt content for different mixes

: : . . AC Tested
Contractor DI;IeS|Ogn Type| PG N?:Ini)z € Gr_?d ation Op'tol\ngum Opt- Opt Opt+0.5
' ype 05% 7| %
01 |[E-30| 58-28 19.0 F 4.3 X X X
02 | E-10| 58-28 19.0 F 4.6 X X X
A 03 [E-10{ 58-28 19.0 F 4.5 X X X
04 E-3 | 58-28 19.0 S 5.1 X X X
05 E-3 | 58-28 12.5 S 4.6 X X X
B 01 E-1 | 58-28 125 S 6.2 X
02 |E-10| 64-28 125 F 5.8 X
C 01 E-3 | 58-28 125 F 5.5 X
02 E-3 | 58-28 19.0 F 5.0 X
D 01 E-3 | 58-28 12.5 F 5.3 X
02 E-3 | 58-28 19.0 F 5.3 X

The aggregate IMF gradations for all mixes provided by the contractors are as

shown in Figures 3.1 through 3.4, for sources A, B, C, and D, respectively.
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Figure 3.1 Mix designsfor source A
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Figure 3.2: Mix designs for mix B
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Figure 3.3: Mix designsfor mix C
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Figure 3.4: Mix designsfor mix D

The types of aggregate used in each mix design are shown in the following table.

This table also shows the associated component blend percentages used for each mix.
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Table 3.2 Aggregate Blends for mixes

Source Type Mix Design #| PG Binder | S or F| Opt. AC Blend Design Quantity (%)
7/8" Chip 10
19.0 mm 5/8" Stone 15
Superpave E30 o1 64-22 F 4.3 3/8" Chip 30
(Gravel) .
1/4" Minus Man. Sand 25
Washed Nat. Sand 20
7/8" Chip 10
19.0 mm 5/8" Stone 15
Superpave E10 02 58-28 F 4.6 3/8" Chip 30
(Gravel) _
1/4" Minus Man. Sand 25
Washed Nat. Sand 20
Cr. RAP 15
< 7/8" x 5/8" H.F. Stone 10
19.0 mm E10 5/8" x 1/2" H.F. Stone 15
Superpave 03 58-28 F 4.5
(Gravel) 3/8" x 1/4" H.F. Stone 20
1/4" Minus Man. Sand 30
Screened Nat. Sand 10
7/8" Chip 10
5/8" Chip 15
19.0 mm
Superpave E3 o4 58-28 S 5.1 3/8" Chip 15
Gravel
( ) Washed Nat. Sand 20
Screened Nat. Sand 40
5/8" Chip 15
12.5 mm E3 3/8" Chip 15
Superpave 05 58-28 S 4.6
(Gravel) Washed Nat. Sand 5
Screened Nat. Sand 65
3/8" Chip 30
1/8" Man Sand 25
12.5 mm E10 o1 64-28 s 6.2
o Superpave 3/4" Conc. Stone 20
1/2" Bit Stone 25
3/4" Limestone 40
3/8 Washed Chips 11
Zemmet 02 58-28 F 5.8 P
uperpave Man. Sand 22
Nat. Sand 27
3/4" Stone 13
3/8" Stone 15
12.5mm E3 o1 58-28 F 5.5 Man. Sand a2
Superpave
0 Nat. Sand 25
Dust 5
3/4" Stone 10
1/2" Stone 9
19.0 mm E3 "
Superpave 02 58-28 F 5 3/8" Stone 10
Dust 10
Nat. Sand 61
5/8" Rock 8
12.5 mm E3 5/8" Single Agg. 14
Superpave o1 58-28 F 5.3 5/16" Nat. Sand 13
(Gravel)
1/4" Man. Sand 45
a] 5/8" Recycle 20
5 1" Rock 11
5/8" Rock 4
19.0 mm E3 5/8" Single Agg. 10
Superpave 02 58-28 F 53
(Gravel) 5/16" Nat. Sand 12
1/4" Man. Sand 43
5/8" Recycle 20
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From the previous table it is clear that a mix of natural and manufactured aggregates is
used in preparation of the samples. For contractor A (mix number 3) and contractor D,
the mixes contained recycled aspheltic pavement (RAP) aggregates. The mixes listed

were actually used or proposed for use in actual pavements in Wisconsin.
3.2 Mixture Volumetric Properties

Calculating the volumetric properties requires accurate determination of the
maximum specific gravity (Gmm) values. For this reason, two Gnm (rice) samples were
tested at each asphalt content used (according to AASHTO T209. The calculations of the
bulk specific gravity (Gmp) values were based on testing specimens compacted t0 Nyes
gyrations (according to AASHTO T166). This was done to increase accuracy because
there is no extrapolation or correction necessary to determine the Gyp at Nges, Versus back
calculating using data from the specimen compacted to 600 gyrations(This selected

compactive effort is discussed in details in section 3.3).

The volumetric properties of the asphalt mixes were investigated for compliance
with superpave mixture design requirements. These requirements include an air void
content parameter check at different compaction levels. These levels start with the initial
compaction level (6 to 9 gyrations) and referred to as Nini. The second compaction level
is called the design compaction level, Nges, and it varies between 40-125 gyrations. The
third level is called the maximum compaction level, Nmax, and it varies between 60 and
205 gyrations. These three compaction levels are selected to simulate the efforts of the
compaction process in the field, the intermediate pavement service conditions, and the
ultimate pavement service conditions, respectively. The number of gyrations selected for

the mixture design varies depending on the traffic ESALs level expected to be applied on
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the pavement a 20 years design life. The higher the traffic level, the higher the number of

gyrations.

In addition to the Gmm and Gmb values, another volumetric property was cal culated
and evaluated for the mixes in this study. It is the voids in mineral aggregates (VMA).
VMA is the sum of volume of air voids and effective binder in compacted specimen. It
represents the space between the uncoated aggregates. Minimum VMA requirements are
based on the nominal maximum size of aggregate used. The results collected for the

mixtures tested in this study are summarized in section 4.1.
3.3 Mixture Densification Resistance Testing

As discussed in chapter 2, response variables measured with the use of the

gyratory compactor included densification indices and resistive force indices.

The Energy indices calculated from densification curves included CDI (area under
the densification curve 92%Gmm to 98%Gmm), and TDI (area under the densification
curve 92%Gmm to 98%Gmm). The Resistive force indices were calculated from the
eccentricity plots generated using the GLPA. These include CFI (area under the resistive
effort curve from the cycle number corresponding to 89%Gmm to cycle number
corresponding to 92%Gmm), and TFI (area under the resistive effort curve from the cycle

number corresponding to 92%Gmm to cycle number corresponding to 98%Gmm).

The CDI and CFl were calculated from specimens compacted to Nges (100
gyrations). Since the TDI and TFI require that the mixture reaches 98 % Gmm, they
could not be determined from compactions made to Nges It Was necessary to compact to a
number of gyrations that would result in % Gmm above 98 % to guarantee that TDI and
TFI could be determined. This meant that the samples should be compacted to no less

than 300 gyrations and to no less that 98% Gynm. For this reason, the decision was made
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to compact specimens to 600 gyrations. The results are shown and discussed in section

4.2 of Chapter 4.

34  Samples Preparation and Testing of Mixture for Resistance of Permanent

Defor mation (Rutting)

In a recent study sponsored by the National Cooperative Highway Research
Program (NCHRP 919 project), Arizona State University has formulated a laboratory
test method for permanent deformation. The air void percentage recommended by the
NCHRP 919 when the testing for permanent deformation is 7 %. The recommended
dimensions for the rutting samples are 6 inches (150 mm) high by 4 inches (100mm) in
diameter. Using the information gathered from volumetric testing of the mixtures, the

number of gyrations needed to achieve 7% air voids for each mixture was determined.

The laboratory specimens are produced using the SGC. Since the standard size of
a sample produced by the gyratory compactor is 6 inches in diameter, coring of the
samples to achieve the needed sample diameter was required. The sample is then trimmed
from the top and the bottom to achieve the desired height. After obtaining the required
standard sample, the percentage of air voids is measured to make sure that it meets the
7% requirement. A final preparation step is needed before starting the testing for
permanent deformation. This is to attach four plastic pads, two at opposite side of the

sample. These pads are needed to mount the vertical LVDT’s on the sample.

Figure 1.13 shows a schematic of the test setup. The cylindrical sample is
subjected to a haversine axia repeated load. This load is applied for a duration of 0.1
second, and then has a rest time of 0.9 second. The cumulative axial and radial strains

are measured using LVDT’s and recorded during the test. The results obtained from the
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test are typically presented in a log-log chart showing the cumulative permanent strain
versus the number of cycles as shown in the example in Figure 1.14, and analyzed using

the following power law model:
& =aN’ [3.1]

Using the linear portion of the plotted results, the permanent deformation parameters a
and b are derived. The parameter a represents the permanent strain at N = 1, and b
represents the rate of change in the permanent strain as a function of change in loading
cycles. Another chart, plotting the rate of change in permanent strain versus the loading
cycles, Figure 1.15, is used to determine the “flow number”. This is identified as the
point where minimum slope occurs, and indicates the cycle number at which tertiary flow

begins.

For the purpose of this study the flow number and the rate of permanent
deformation (b) were calculated to be used in addressing the pavements performances as

afunction of rutting resistance.
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Chapter Four
Results Analysis and Discussion

In this chapter the results of volumetric properties for the mixtures are
compared and discussed. Thisisfollowed by the analysis of the densification and
resistive force indices. The third section covers the results of mixture resistance to
permanent deformation. The fourth section includes the testing of the hypothesis that the
densification indices are related to the permanent deformation resistance measures. The
last section includes the proposal of mixture acceptance criteria to ensure acceptable
resistance to permanent deformation under traffic loading.

4.1 Results of Volumetric Properties

The following charts show a summary of volumetric properties measured for the
mixtures under investigation. The summary includes % Gmm at Nini (Figure 4.1), %
Gmm at Ndes (Figure 4.2), and % Gmm at Nmax (Figure 4.3). It also includes the VMA

at Ndes (Figure 4.4).
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From the data in shown in Figures 4.1 through 4.3, it is clear that some of the
mixtures do not meet the volumetric requirements as stated by the Superpave
specifications used by the Wisconsin DOT. It is however important to remember that, for
the purpose of this research, it was not necessary that all mixtures meet the requirements.
The purpose was the evaluation of mixture performance, as measured by the resistance to
permarent deformation, rather than the volumetric properties. The performance is
compared to the densification characteristics, as measured by the GLPA in the SGC, to
test the hypothesis that densification measures derived from the SGC testing could be
used as asurrogate to measuring the permanent deformation (rutting) resistance for a
wide range of volumetric properties, aggregate types, and asphalt contents. The next

section covers the comparison.
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4.2 Results of the Densification and Resistive For ce I ndices

As indicated in chapter 3, four measures were used to estimate the mixtures
resistance to densification. They include two measures of densification derived
from the volumetric properties; the Construction Densification Index, CDI, the
Traffic Densification Index, TDI. The other two measures, derived from
measuring the shearing resistance of mixtures during gyrating using the GLPA
device, include the Compaction Force Index, CFl, and the Traffic Force Index,
TFI. The following charts (Figure 4.6 through Figure 4.7) show the average

values of these four measures for the mixtures tested.
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It is clear from the data presented that there is a significant variation in
densification behavior of the mixtures selected. For example the CDI values vary
between 50 units and 1000 units, which is a 20 fold difference. This wide difference is
also confirmed by the CFl values which ranges between 100 and more than 1000 units.
This similarity in differences indicates that the frictional resistance of the aggregates and
the type of skeleton produced by the various gradations and sources plays a mgor role in
achieving the 92 % Gmm density level targeted by most contractors during construction.
Figures 4.8 and 4.9 depict the measures related top performance under traffic (92% Gmm
to 98 % Gmm). Although the range is narrower, the values of the TDI varies between
500 and 2000 and the TFI between 125 to 8000, a significant difference that lead to

believe that these mixtures will have different performance under traffic in the field.
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4.3 Flow number and rate of deformation

This study included measuring the rutting resistance of mixtures at standard
pavement temperatures typically known for Wisconsin summer environment. The
measurements were used to compare the densification properties of the asphalt mixture
measured by the SuperPave gyratory compactor with the mixtures resistance to
permanent deformation measured using the un-axial repeated creep test in the lab. The
densification properties of the mixtures are described by the traffic indices (TFI, TEI),
and they were covered in details in the previous section. The resistance of the mixtures to
rutting is described by the rate of deformation of the mixture till failure, and the flow
number, which is viewed as the point of failure in the repeated creep test.

In order to generate a fair correlation between these two properties, the challenge
is to develop an effective procedure for determining the rate of deformation and the flow
number from the repeated creep test results.

In the creep test the material undergoes three stages of deformation (Figure 2.4).
In the initial or the primary stage, the strain rate is relatively high and decreasing with
time or loading cycles. In the secondary stage, the permanent strain accumulated per
cycle is constant with loading cycles. Thisis the stage that we are interested in as the rate
of permanent deformation used in this study is determined as the constant rate within the
secondary creep stage. The third stage is called the “tertiary creep stage,” which is the
portion at which the strain rate increases rapidly with loading time or loading cycles. The
flow number is the point at which the material shows the transition from the secondary
stage to the tertiary stage (NCHRP-465, 2002). However, it is difficult to quantify this
point objectively and automatically. Therefore, in this study the research team had to
work on developing a method for determining the flow number based on a fixed criterion.

The rate of deformation was the key variable used in determining the flow
number. First a plot was generated showing the rate of deformation versus the number of
cycles. There are several methods for calculating the deformation rate. To avoid
interference from experimental noise, amoving average was used. Based on several
trials, the moving average of every corsecutive fifty points was used, as shown in Figure
4.10. Therate of deformation used in this plot is a moving average of every fifty points.
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To normalize the moving average rate, it was divided by the minimum value
estimated for al the test data. Therefore, when plotting the normalized rates against the
number of cycles, the minimum point equals to the value of one, as shown in Figure 4.11.
The reason for the normalization is the need for a better and clear definition of the point
at which the flow number is estimated. To determine the flow number it was decided that
it is defined as the number of cycle at which the rate of permanent deformation is
doubled, in other words, it is the number of cycles at which the normalized rate value is
equal to two. This means that the flow number is chosen to be the point at which the rate
of deformation doubles compared to the minimum rate of deformation achieved
throughout the test period. Figure 4.11 shows the flow number for one of the tested

mixtures.
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Flow Number Determination
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Figure4.11: Determination of flow number

4.4 Resultsand Analysis of Rutting Testing

As explained in Chapter 3, several mixtures were produced using different asphalt
contents and gradations. Thisis to insure that the study covers as wide a range of mixture
properties as possible. The minimum asphalt content used was 3.8% and the maximum
asphalt content used was 6.2%. The gradation varies between course, fine and a
combination of both. A total of eleven mixture designs were used in this study from four
different sources. Five of these mixes were compacted at three different asphalt contents,
optimum, optimum plus 0.5%, and optimum minus 0.5%. Table 4.1 shows the mixes
used, their flow number, the normalized rate of deformation, and densification indices.

The flow number and normalized rate of rutting is used to indicate the rutting
performance of mixtures as measured using the un-axial repeated creep test. This test is
used to simulate the field rutting of pavement. This test is used as an indicator for the
field performance of the mixtures. The construction and the traffic indices (CDI, TDI,
CFl, and TFI) were caculated using the data gathered from the SGC.

The objective of the study is to try to use the indices estimated from the SGC to

evaluate mixes with respect to their rutting performance. If the indices proof to be a good
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surrogate to the rutting testing, they could be used to support the Superpave volumetric
mixture design procedur e.

In the rutting test the mixtures are subjected to thousands of loading cycles
(10000 Max) while recording the cumulative permanent deformation as a function of
these cycles. A haversine pulse load consisting of a 0.1 sec and 0.9 sec rest time is
applied for the test duration. (SHRP-A/IR-91-104, 1991)

As mentioned in the Chapter 3 the traffic force index is the area under the
compaction curve from the 92% density till 98% density. To make sure that the mixes
achieve such a high density, the mixes were compacted for 600 gyrations. Some of the
mixtures were very strong that they did not reach the 98% density, even after 600
gyrations. In these cases extrapolation was used to estimate the number of cycles at 600
gyrations. There were some outliers in the data set which were identified due to complete
collapse of the mixture during compaction and the loss of asphalt from the mold. Also
there were samples that did not show reasonable rutting behavior that were removed from
the data set before the correlations.
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Table 4.1: Summary of data

Sample FN Rate AC Average CEIl Average TEI | Average CFI| Average TFI
A0101 | 6143.0 0.95

A0102 | 5280.0 097 | 38 758.94 2217.80 914.01 7504.23
A0103 | 6751.0 0.93

A010S | 2407.0 229 | 43 413.7 921.6 529.1 3224.2
A0106 | 2575.0 2.28

A0201 | 15450 813 f 41 351.1 814.4 496.9 3103.5
A0202 | 2015.0 7.28

A0305 | 2263.0 760 | 45 191.80 271.92 29279 1153.98
A0402 | 1486.0 11.00

A0403 | 7430 2878 | 4.6 97.1 570.0 95.6 2132.2
A0404 | 1086.0 16.30

A0405 | 450.0 6170 1 51 76 490 170 2103
A0406 | 4200 96.00

A0501 | 901.0 12.90

A0502 | 1060.0 1293 | 41 302.35 752.00 491.34 1789.00
A0503 |  900.0 16.83

20500 1 445.0 4500 & 46 393.67 463.68 688.75 144158
AO506 |  413.0 48.00

B0101 } 6055.0 150 1 g5 180.87 1935.61 491.34 7789.00
B0102 | 9000.0 0.70

B0202 | 1157.0 8.16

B0203 | 3361.0 550 | 5.8 376.08 876.69 422.01 1610.19
B0204 | 2013.0 7.77

C0101 | 4188.0 140 | 55 1047.26 1687.92 1129.95 6410.50
C0202 | 12000 30.82

ST Se— 50 255.95 117.95 416.24 925.16
D010l | 12400 23.87

D0102 | 980.0 32.00

D0103 | 991.0 2700 | 5.3 63.77 362.42 141.11 1181.18
D0104 3106 6.80

D0105 2776 8.00

D0201 | 1053.0 13.25

D0202 | 1430.0 1322 | 53 97.4 812.8 201.8 2480.9
D0203 | 2034.0 11.42

The main result of the rutting test is the flow number, which is commonly derived

from the typical power-law model recommended for representing rutting. The model,

defined in the following equation, includes an initial strain factor, &, and a sope factor,

S (NCHRP-459,2001)

— S
e, =e,N

(Equation 4.1)

Where, g, is the total accumulated permanent strain and N is the number of cycles.
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Having this relationship in mind, the measured rate of accumulation of permanent
deformation (S) was used to evaluate the repeatability and the consistency of the
measurements achieved by the test. Figure 4.12 depicts a bar chart for the rate of

deformation for some of the mixes used in this study.
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Figure 4.12: Repeatability of measured rutting rate

Beside the name of each sample the asphalt content is shown. It is clear that for a
given mixture the values for the rate of deformation are very repeatable, which indicates
that this test is distinguishing between the mixes and showing reliability in evaluating the
behavior of different mixes with different types of aggregates or gradations. It is also
clear that the test is sensitive to asphalt content.

To evauate the possible inter-correlation of the derived response parameters, the
flow number and the rate of deformation both are plotted versus each other. Since the
flow number is a function of the total permanent strain accumulated to failure, the
relationship of the flow number to the rate of permanent deformation should a pwer

relation as indicated in the previous equation (equation 4.1)



From the data shown in Figure 4.13, it is clear that the two values obtained form
testing the samples using the uniaxia creep loading machine are acceptably consistent
according to the relationship stated earlier.

Flow Number vs Rate of Deformation
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Figure 4.13: Flow number vs. the rate of defor mation to the consistency of thetest in
producing results

To determine the significance of the densification indices in terms of defining
resistance of mixtures to rutting, two stages of analyses were conducted. In the first stage
statistical analysis was used to try to correlate the critica densification indices to the
asphalt mixture characteristics such as asphalt content and the gradation. Figure 4.14
shows an example of this analysis for the TFl value. As can be seen, the adjusted
correlation coefficient (Adjusted R 72) is above 83 % which indicates that this measure is
a true indicator of mixture composition and volumetric properties. Similar high R"2

values were found for the other indices. The complete results of the statistical analysis

could be found in Appendix A.
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SUMMARY OUTPUT

Rearession Statistics

Multiple R 0.928592201
R Square 0.862283476
Adjusted R Square  0.831679805
Standard Error 1003.235853
Observations 34
ANOVA
df SS MS F Significance F

Regression 6  170150749.3 28358458.22 28.17581757 2.03161E-10
Residual 27 27175018.79 1006482.177
Total 33  197325768.1

Coefficients _Standard Error t Stat P-value Lower 95% Upper 95%  Lower 95.0% Upper 95.0%
(Gradation) -947.9746612  1402.666033 -0.675837754 0.504891713 -3826.005705 1930.056382 -3826.005705 1930.056382
(ESALS) 0.022243252 0.00443914 5.010712382 2.95915E-05  0.013134896 0.031351608 0.013134896 0.031351608
(AC*GRAD) 2642.96862  382.3452063 6.912519307 1.98825E-07  1858.461584 3427.475657 1858.461584 3427.475657
(AC*ESAL) -0.003267157 0.000776734 -4.20627834 0.000255919 -0.004860882 -0.001673433 -0.004860882 -0.001673433
(GRAD*ESAL) -0.006623492  0.001383918 -4.786042926 5.41292E-05 -0.009463056 -0.003783928 -0.009463056 -0.003783928
(AC*GRAD*ESAL) 0.000905842  0.000239182 3.787252273 0.000774869  0.000415082 0.001396603 0.000415082 0.001396603

Figure 4.14: Result of regression analysis when comparing the TFI with the mixture

type and volumetric properties

The second stage of the analysis involved correlation between the traffic indices

and the mixtures rutting indicators, which include the flow number and the normalized

rate of deformation.

Figure 4.15 show the relationship between the Traffic Force Index (TFI) to the
normalized rate of accumulation of permanent deformation. Figure 4.16 shows the

relationship of the same index with the flow number.
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Rate of Deformation vs. TFI
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Fig. 4.15: Relationship between the rate of deformation and traffic force index
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Figure 4.16: Relationship between the flow number and the TFI
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The traffic index (TFI) is assumed to represent the energy needed to reach the
terminal permanent strain condition a 98 % Gmm. Based on equation 4.1 relating the
strain rate to the total accumulated strain, the rate of deformation should show a power
relation with the termina permanent strain. This type of trend is shown in Figure 4.16.
Using a power-law fit the data in the figure shows a fair correlation between TFl and the
normalized strain rate. The correlations coefficient is approximately 79 %, which
signifies a strong correlation.

For the Flow Number (FN), based on equation 4.1, since the TFI is related to the
failure strain and the number of cycles, the relationship between the FN and the TFI
should be a linear one. Such a linear relationship is confirmed in Figure 4.16, which
shows that the correlation coefficient is at 80 %, which is even higher than the one
obtained from the rate of deformation.

This high correlation however is the results of the wide range of the data points
and there appears to be much more scatter in the data compared to the deformation rate
shown in Figure 4.16. This scatter of data points, although affects the credibility of the
correlation factor for the FN, it still depicts a very strong trend.

Although the relation of TFI with the rate of deformation seems to be the more
reliable, as it consists of wider range of data points and it possesses a strong correlation
factor, the flow number should be the main parameter that should be used in developing a
criterion for mixture stability. This is because the flow number is a fundamental material
property that reflects mixture critical behavior in terms of proximity to instability under
traffic loading. The rate of deformation isalocal property of the materia that depends on

the secondary creep condition of the material and the testing conditions.

4.5 Developing a Mixture Stability Criterion
In addition to finding a strong relationship between TFI and mixture rutting, a
second step is needed to convert this relationship to control limits for the control of
mixture stability. These limits should take into account the traffic volume (ESAL’S) as it
is the governing factor in selecting mixture parameters in a typical mixture design.
Since the mixtures included in this study covered a range of mixtures designed for

different traffic levels, it islogical to use the design ESAL designations to try to derive an
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initial criterion. Figure 4.17 shows the relationship between the mixture ESAL
designation and the TFI value. as shown for a given TFl vaue there can be multiple
ESAL vaues. This is because in the current practice of mixture design only the
volumetric properties are used and no mechanical stability measure is targeted. The
governing decision when designing is mainly based on volumetric properties.

However, the datain the figure show a definite trend indicating that the higher the
ESAL level on the mixture the higher is the FN number.

TFI vs ESAL's
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I
4000
2000 . y =0.0002x + 1094.6
R R2 = 0.4766
O T | T
0.E+00 1.E+07 2.E+07 3.E+07 4.E+07
ESAL's

Figure4.17: TFl vs. theESAL’s

To be on the safe side it is logical to use the minimum values of the ESALSs for
each TFl value as the guide for deriving the limits for the design criterion. The graph
shown in Figure 4.18 shows the relationship between the TH and the minimum ESAL

values.
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Average TFl vs. ESAL's
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Figure4.18: Min TFI per ESAL vs. ESAL

Using the equation of the trend line, the proposed limits can be estimated and are
shown Table 4.2. This table can be used as a basis for modifying the mixture design
procedure to include the TFI values as a surrogate to the mixture stability value. 1n other
words it is a measure of the performance of the mixture that can be used in the mixture

design in addition to its volumetric properties.

Table4.2: TFI minimum values.

ESAL Min TFI
1.00E+06 750
3.00E+06 1000
1.00E+07 2000
3.00E+07 4500
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4.6 Simplified Analysis

In the previous section the stability criterion was developed based on the TFI
which requires a special accessory device (PDA) to be mounted in the SGC for
measuring the shear resistance of the mixtures. Although the use of the device is a more
accurate way to determine the shear resistance, the cost of the device, and the compl exity
of caculating the shear resistance may deter users from using it in determining the
stability of the asphalt mixtures.

Therefore, a simplified method to evaluate the mixtures without the use of an
additional device is of more interest with respect to the users of the SGC. The proposed
simplified method is based on using the densification data generated by the SGC by
measuring the change in height of specimen with gyrations. This data is used to generate
the common compaction curves already used in different HMA labs to determine the
density of the mixes at selected gyrations. As explained in chapter one, compaction
curves can be used to determine the Traffic Densification Index (TDI). This index is
proposed to be used as a substitute to the TFI in evaluating the stability of the mixtures if
the GLPA is not used or is not available. This idea is not a new idea. In fact in a
previous study focused on fine aggregate angularity and binder grades, the concept of
using the TDI for measuring mixture stability was introduced.(31)

Before using the TDI as a surrogate for the THI, it should be validated that it
correlates with the TFI. From the data generated for the purpose of this study the plot
shown in Figure 4.19 is generated to compare the TDI values with the TFI values for
various mixtures. Two different regression equations were used to show the strong
correlation between the two indices. Figure 4.20 shows the relationship between the two
indices, the regression equations used, and the coefficient of determination (R?).
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Figure 4.19: Comparison between the TDI and the TFI

As shown in the Figure 4.19, there is a very strong relationship between the two
indices. The two regression equations used show high coefficient of determination.
However, one can argue that this relationship can be project specific.

A similar plot was published in a previous report number WHRP 03-04 for a
study sponsored by Wisconsin DOT. In that study more data points were used that were
generated using many different mixtures. The final plot published in that study is
reproduced in Figure 4.20.
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Figure 4.20: Correlation between TDI and TFI using different data set.
(Reproduced from report number WHRP 03-04, October 203)

Examining Figure 4.19 and Figure 4.20, it is clear that TDI correlates very well
with TFI. Furthermore, looking at the linear regression equation in the two plots it shows
that the dlope of the line in each is very close to the other (3.53 vs. 2.99). Neglecting the
guadratic coefficient since it is very close to zero in both plots leaves us with the first
order coefficient. In both plots these coefficients are again very close in value (3.0679 vs.
3.5197). It can only be concluded that the TDI correlates linearly very well with the TFI.
Therefore, for the sake of simplicity, it can be assumed that, in case the GLPA is not
used, the TDI can be used successfully to evaluate mixture stability and resistance to
rutting as a surrogate to the TFI.

Using the TDI requires only the use of the SGC as is the practice today, thus
minimizes the need to purchase new equipment or go through additional calculation
techniques to determine the TFI.

In order to be able to generate recommended values of the TDI for every traffic

level similar to the TFl recommended values mentioned earlier, the data from figures
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4.19 and 4.20 are combined together. This was done to increase the number of data points

used for higher level of confidence and to make correlation independent of project or

mixture type. Figure 4.21 shows the combined data points and the regression equations

used.
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Figure 4.21: Combined data for the relationship between the TDI and the

From the previous graph, it can be concluded that the TFI is approximately three

times the TDI. Using this relation the recommended values for the TDI can be generated
using the TFl values stated in table 4.2. table 4.3 shows both the TFl and the TDI

recommended values for different traffic levels.

Table4.3TDlI minimum values

ESAL MinTDI MinTFI
1.00E+06 750 250
3.00E+06 1000 300
1.00E+07 2000 600
3.00E+07 4500 1500
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There is no doubt that the values shown in table 4.3 are tentative values that need
to be validated. This project, athough used actua rutting testing, did not cover field
validation which should be the next step.
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Chapter Five
Summary of Findings and Conclusion
5.1 Summary of Findings

This study was funded by the Wisconsin department of transportation to develop
better mechanical stability criteria for asphalt mixes from measurements collected by the
Superpave Gyratory Compactor (SGC). The SGC was used to calculate the Traffic Force
Index (TFI), and the Traffic Densification Index (TDI) as the proposed mechanical stability
parameters. To measure the TFl a specia device to measure force distribution (called the
Pressure Distribution Analyzer, PDA) is needed during compaction to determine the
mixture resistance to compaction. In order to validate these parameters, the results from the
SGC were compared to the results of a performance test of mixtures. In this study this
performance test was chosen to be the uni-axial repeated creep test recommended as the
simple performance test by NCHRP 9-19 project (22, 35). The output of the performance
test is the flow number (FN), which indicates the mixture tertiary creep failure, and the
creep rate which is a measure of resistance of a mixture to accumulation of permanent

strain.

Based on the analysis of results for the mixtures, the correlation between the TFI
and the creep rate yielded a coefficient of determination of approximately 81% which
indicates a significant relationship between mixture resistance to permanent deformation
and the TFI. Therefore, it is found that the TFI can be used as an indication of mixture
mechanical stability. It can be used as a basis to recommend minimum limits of TFl to

ensure acceptable performance of mixture for each traffic level. A tentative set of limits are

76



recommended as a starting point to expand the mixture design process for asphalt mixtures
to include, in addition to the volumetric properties used today, an indication of the

mechanical stability of asphalt mixtures.

The study has also considered the possibility of not using the PDA. A good
correlation was found between the Traffic Densification Index, which is a measure derived
fromthe rate of change in height of specimen between 92 % Gmm and 98 % Gmm, and the
TFI. The high correlation (R*2 = 93%) found agrees with a previous study done using
similar but different aggregate sources used in building Wisconsin pavements. The
agreement in results is very encouraging and lead to more confidence in using the
densification curves as measured today to derive a simple and practical parameter to amend
the volumetric mixture design. A tentative set of limits for the (TDI) are also proposed to

compliment the existing mixture design criteria.

Taking into account the different asphalt contents, gradations, and sources used in
this study, have the strong correlations mentioned earlier indicate that the concept of using
the SGC as a performance prediction tool is not a property specific approach. On the
contrary these results prove that this approach is more of a universal mechanical stability

prediction tool that can be used for all mixtures.

It is however critical to indicate that the results presented in this report are based on
using two different gradation types for aggregates collected from four different sources
commonly used in Wisconsin. The optimum asphalt contents used varied from 4.3% to
6.2%. The study of this limited sample size is primarily intended to create a tentative

criterion that will need to be examined by practitioners from industry and from DOT before
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it can be implemented.

5.2 Recommendations

The following are the major recommendations of this research study:

1) The results indicate a significant correlation between the traffic indices obtain by using
the SGC and the mixtures resistance to permanent deformation indicated by the flow
number (FN) and the rate of rutting. Therefore, the SGC is recommended to be used as

atool for mixtures mechanical stability prediction.

2) The results show that the strong correlation between the traffic indices and the FN is not
property specific, meaning that the relationship is not based on asphalt content,
gradation, source, or any other property that differentiate a mixture form the other. On
the contrary the correlation is only based on the mechanical stability of the mixtures and
their resistance to permanent deformation. Therefore, it is recommended that the traffic
indices limits proposed to be used as guidance for all mixtures regardiess for their

properties.

5.3 Conclusion

The following are the major conclusions of this research study:

1) The SGC results show very promising indications that it can be used as a mechanical
stability tool for mixtures. According to the results mentioned earlier, the traffic indices
(TFI, and TDI), measured from the SGC, correlate very strongly to the mixture

resistance to permanent deformation
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2) These strong correlations to the mixtures resistance to permanent deformation is

observed regardless of the mixtures gradations, asphalt content, or source.

3) The mixtures performance prediction can be estimated by two methods. The first is by
using the GLPA. This method helps in calculating the Traffic Force Index (TFl). The
second method is by using the densification curve produced by plotting the %Gmm
verses number of SGC gyrations. The second method, thus, does not require any

additional equipment for predicting the mixture performance.

4) Instead of using a new equipment to measure the performance of asphalt mixtures under
simulated rutting conditions, the SGC is already being used for compactions and can be

used as performance test as well.

5.4 Suggestion for Future Research

For future research, we believe that conducting smilar evaluations of mixtures
performance while varying the asphalt binder grade, and using wider gradation range will
support the mentioned conclusions. In addition, for the purpose of this study all the
mixtures were tested at one temperature which is corresponding to the high design
pavement temperature in Wisconsin. More testing is suggested to be conducted on

mixtures design for different temperature regions (higher or lower).
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